The effect of the extension of the curing period and exposure time to a chloride source on the transport of these ions has been studied in concrete with 100% Portland cement (OPC) and with ternary cement composed of 64% OPC, 30% blast furnace slag (BFS) and 6% limestone filler (LF). The extension of the curing time (from 28 to 90 days) did not significantly affect the transport, even in concretes with supplementary cementitious materials (SCM's). The exposure time to the chloride source (3, 6 and 12 months) is a parameter which had a major influence on the transport. At least 6 months of exposure were necessary to achieve stable chloride diffusion coefficients with more noticeable stabilization occurring when SCM's were used. The presence of BFS significantly decreased the transport, due to its ability to combine chloride rather than the refinement of capillary pores as a consequence of its late hydration. 
INTRODUCTION
When a reinforced concrete structure is located in a chloride-contaminated environment, the chloride ions penetrate into the concrete, moving towards the reinforcement, which favors the initiation and propagation of corrosion (1) . The final consequence of the progressive accumulation of chlorides at the rebar level on the structural performance is the damage of the rebars and the structures, i.e. the progressive cracking of the concrete cover, the loss of the steel cross-section, and the decrease in the concrete/ rebar bond.
The end of the service life of a reinforced concrete structure is usually associated with the durability limit state of corrosion initiation, avoiding corrosion propagation (2) (3) (4) . Different strategies can be followed to delay the arrival of chlorides at the reinforcement level, i.e. to extend the transport period. The increase in the thickness of the concrete cover, according to the aggressiveness of the environment, as prescribed by some structural concrete standards (5) is one way to deal with the extension of time that the chlorides take to reach the rebar level. Another method for extending the period of chloride penetration into concrete is to modify the cementitious matrix (6) .
The type of cement, with regard to the incorporation of supplementary cementitious materials (SCM's), has been revealed to be among the factors which have the greatest influence on the resistance of concrete to chloride penetration (7) (8) (9) (10) (11) (12) (13) (14) . Blast furnace slag (BFS) is one of the most commonly used SCM's in the manufacture of concretes which are intended for exposure to chloride-contaminated environments, especially marine ones (15) , due to its ability to retard the entrance of chloride (16, 17) .
The slower penetration of chlorides into concretes containing BFS in comparison to Portland cement concretes is associated with two different phenomena. The hydration of BFS favors the formation of additional C-S-H gel with a similar structure to that of ordinary Portland cement (OPC) which contributes to making the system denser, but with a lower CaO/SiO 2 ratio (18) (19) (20) (21) (22) (23) (24) (25) . Al is also incorporated into the C-S-H to a greater extent (19) (20) (21) . All of the above changes in the microstructure of cement paste with BFS contribute to the decrease in the penetration rate of chlorides into the concretes containing this SCM. Furthermore, the inclusion of BFS in cement leads to concretes with more refined pore structures (26) and lower water permeability (27) that can contribute to making the transport of chlorides through these matrixes more difficult, therefore extending the transport period.
The above mentioned results have mainly been deduced from experiments on cementitious matrixes manufactured with binary binders made of Portland clinker and BFS (9, 16, 17) . However, little knowledge on ternary cements containing ordinary Portland cement (OPC), BFS and other SCM's exists (28) .
It is also well-known that the hydration period of BFS cement concretes is slower than the hydration of OPC concretes (29) . In fact, many studies have been carried out to discover the strength development of BFS cement concretes when the curing period is extended (27, 29, 30) . However, less attention has been paid to the effect of the slower hydration caused by BFS on the chloride penetration into cementitious matrixes (31, 32) .
Beyond the effect of curing on chloride transport through concrete, work also exists which affirms that chloride diffusion coefficients vary with the exposure time to a chloride source (33, 34) , a phenomenon known as aging, but again there is a lack of research on the effect of aging on chloride penetration into BFS cement concretes (35, 36) .
In addition to the above, a notable part of the studies on chloride penetration has been carried out through tests promoting accelerated transport of chlorides (37, 38) and not through natural penetration (39) , which is similar to field situations. Furthermore, the repeatability in the chloride transport processes and the number of specimens tested is not frequently considered in studies.
This research deals with the resistance to the penetration of chlorides through the natural diffusion of two concretes, plain Portland cement concrete and concrete containing a ternary binder composed of OPC, BFS and limestone filler (LF). This focuses on the evaluation of the effect of the extension of the curing period and the exposure time to the chloride sources. Furthermore, the variability of the chloride transport process has been analyzed.
EXPERIMENTAL PROGRAM

Preparation of samples
For transport studies, two types of concretes with different binder types were manufactured. One binder was 100% CEM I 42.5 R-SR 5, sulfate resistant with a low content of aluminates and an extremely low chloride binding capacity. The other binder was a ternary mix prepared in the laboratory with CEM I 42.5 R-SR 5 (64%), BFS (30%) and LF (6%), to enhance the chloride binding capacity of the binder with the BFS addition. Table 1 shows the chemical compositions of CEM I 42.5 R-SR 5, BFS and LF.
The concrete containing 100% CEM I 42.5 R-SR 5 has been named as OPC concrete and the concrete containing BFS and LF as SL concrete. Rounded siliceous aggregates from two fractions (0-4 and 4-12 mm) were used. The amounts of the binder and the aggregates were kept constant for both concretes and water was added to reach similar slumps, 6.5 and 7 cm in OPC and SL concrete, respectively. The compositions of the concretes are shown in Table 2 .
Cubic specimens of concrete with 10 cm sides were manufactured. The effect of hydration was dealt with by imposing curing periods of 28 and 90 days. The specimens were cured in a chamber at 20±2ºC and with a relative humidity of higher than 95% as prescribed in (40) .
For the characterization of the mechanical properties and the porous structure, mortars were used. Prisms of 4x4x16 cm in size with a water/binder (w/b) ratio of 0.5 and a binder:sand (b:s) ratio of 1:3 were manufactured as in (41), and used for the mechanical tests. For the porosimetry tests, samples of approximately 1x1x1 cm were extracted from the center of mortar prisms which had not been previously tested mechanically. As for the chloride transport tests, curing periods of 28 and 90 days and the same curing conditions were applied.
Chloride penetration tests
Preconditioning of specimens: At the end of the corresponding curing period, the specimens were vacuum saturated with water in accordance with the method prescribed in (42) . In order to achieve this, the specimens were placed in the vacuum container and the absolute pressure was reduced to 1 kPa for 3 hours. Then the container was filled with demineralized water until the specimens were immersed and the absolute pressure of 1 kPa was maintained for a further hour, allowing air to re-enter the container.
Surface sealing and exposure to chlorides: After the vacuum saturation process, the standards prescribed in (42) were also followed to limit the side and direction for chloride ingress. In order to achieve this, the lateral and bottom surfaces of the cubic specimens were painted with epoxy resin in order to ensure that the ingress of chloride ions followed a unidirectional transport from the unpainted surface. Previous to the chloride exposure, the samples were immersed in a Ca(OH) 2 solution to restore the moisture loss during the painting process. A pool with a 3% wt. NaCl solution was located on the unpainted surface and maintained for 3, 6 and 12 months. A near constant temperature of 20±2ºC was maintained throughout the test. Two specimens were manufactured according to binder type, curing age and the exposure time to the chloride source.
Extraction of the core specimens, profile grinding and chloride analysis: At the end of each chloride exposure period, a core specimen with a diameter of 50 mm and a height of 100 mm was obtained from the center of each concrete cube, therefore respecting the minimum distance of 10 mm from the edge of the pool and the painted concrete cube sides, as prescribed in (42) . From each core specimen, successive concrete layers were taken for the determination of their chloride contents and the representation of each corresponding chloride profile in order to assess the entrance of these ions into concrete. The first 20 mm were dry-ground at depth intervals of 2 mm. Then, slices with a thickness of 10±0.5 mm were dry-cut with a diamond saw until the total height of the core specimen was completed. Figure 1 shows the arrangement of the specimens during the exposure to chlorides and a sketch of the chloride profile specimens and the layers obtained from them. All the concrete layers were ground in order to also obtain powder size and two powder samples per layer were taken and attacked with nitric acid of 0.5 mol/l until all of the chlorides had dissolved in the solution. The total chloride determination was made according to the potentiometric titration method prescribed in (43), using 0.1 M silver nitrate and an automatic 702SM Titrino (Metrohm) titrator controlled with Tinet 2.5 software. The chloride content was expressed as % by weight of binder (hereinafter bwb). 
Determination of the chloride transport parameters: chloride content on the concrete surface (C S ) and non-steady state chloride diffusion coefficient (D nat,nss ):
The chloride content on the concrete surface (C S ) and the non-steady state chloride diffusion coefficient (D nat,nss ) were calculated from the non-linear curve fitting the chloride profiles to the solution of Fick's second law of diffusion through minimum squares. The initial chloride content was assumed to be zero. All the layers, from the second layer to the first layer with a concentration lower than 0.015% by weight of concrete, were considered for the fitting, as prescribed in (42).
Pore structure determination
The porosimetry is also believed to affect the chloride transport through cementitious matrixes. In order to evaluate its effect, mercury intrusion porosimetry tests (MIP) were carried out on mortar specimens. Since the maximum aggregate size of the concretes was 12 mm and the sample required for the MIP tests was limited to around 1 cm 3 ), mortars were manufactured for these tests. The effect of binder type (OPC and SL) and curing time (28 and 90 days) on the porosimetry was evaluated in the same way as with mechanical strength. The porosimetry was not evaluated in samples with hydration ages of longer than 90 days because the changes were not significant between 28 and 90, which is shown later in the results and demonstrated in (44) .
Preparation of samples for the mercury intrusion porosimetry (MIP):
The sampling was taken from the inner part of the mortar specimens. The samples were then vacuum-dried for one week. AutoPore IV 9500 V1.05 equipment was used for the application of the mercury intrusion porosimetry (MIP). The pore size distribution and parameters, such as the total porosity, the tortuosity and the average pore diameter were obtained for further analysis.
Mechanical strength characterization
The compression strength (f c ) of the OPC and SL mortars was determined at the curing ages of (41) . Eight specimens were tested to obtain the compression strength of the OPC and SL mortars once the curing period under investigation had been reached.
RESULTS AND DISCUSSION
Effect of the extension of the curing period on mechanical strength and pore structure of ternary blend cementitious systems
The results of the mechanical tests and some relevant parameters obtained from the porosimetry tests, such as total porosity, mean pore size and tortuosity, are presented in Table 3 . The pore size distributions have been plotted in Figure 2 .
Firstly, Table 3 indicates that SL mortar always shows lower porosity than OPC mortar, regardless of the curing time applied. The reason for the lower porosity of SL mortar could be related to several factors associated with BFS and LF: -The introduction of fine particles, such as BFS and LF, makes a denser cementitious matrix, which is noticeable from the beginning. -BFS favors the formation of more C-S-H gel than OPC at advanced curing ages (26, (45) (46) (47) and therefore, a higher densification of the cement paste is expected. Furthermore, the refinement of the pore structure in SL mortar could also be a consequence of the LF addition, which stabilizes monocarbonate and indirectly the formation of ettringite. This leads to an increase in the amount of hydrated phases and a decrease in porosity, as suggested in (48, 49) . Additionally, a synergic effect exists in the presence of these two SCM's because LF can intensify the hydration of BFS, as described in (50).
Furthermore, similar porosimetry was observed in the specimens cured for 90 days to those cured for 28 days, regardless of the type of binder used (Table 3) . These results reveal that the extension of the curing period from 28 to 90 days slightly changed the porosity structure, even when the binder with SCM's was used, although the total porosity or amount of pores diminished.
With regard to the mechanical performance of mortars and its relationship with pore structure, Table 3 shows that SL mortar attained lower compression strength than OPC mortar after 28 days of curing but this is higher after 90 days. The relationship between total porosity and compression strength can be analyzed from Figure 3 . Figure 3 shows that although porosity diminishes and compression strength increases with curing time, regardless of the binder type, two areas of compression strength-porosity can be differentiated, depending on the binder employed, characterized by similar compression strength values at 90 days for both mortars but lower porosity values for the blended mortar. Furthermore, Figure 3 highlights greater variations occurred in the parameters studied as a consequence of the extension of the curing period when the SL cement was used than in the case of OPC, 14% versus 3% in the case of porosity and 33% versus 24% in the case of compression strength from 28 to 90 hydration days. These greater variations mean that the curing extension from 28 to 90 days is more effective for pore structure change when the cement with SCM's was used, which justifies the extension of the curing period from 28 to 90 days, something that some construction standards are considering as a requirement for the determination of the mechanical strength in concretes containing SCM's.
Results on the chloride transport in ternary blended concretes
The exposure of the concrete specimens to the unidirectional transport of chlorides allowed chloride profiles to be obtained, such as those shown in Figure 4 for the specimens exposed to the chloride source for 3 months after being cured for 28 (a) and 90 days (b).
The chloride profiles shown in Figure 4 have very similar appearance, regardless of the binder type, which makes it difficult to extract any information from them about the influence of the binder type on the transport of these ions though the concretes. Similar difficulties are found when the effect of curing time and chloride exposure time is analyzed from the chloride profiles, meaning that in order to clarify the effect of these two factors, the chloride diffusion coefficient at non-steady state (D nat,nss ) and the surface chloride content (C S ) of each specimen was obtained from the corresponding chloride profile. Table 4 shows the average values and the standard deviations of these two parameters per condition tested. 
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The average values of D nat,nss and C S have been plotted in Figure 5 for a better clarification of the results and a clearer discussion of the effect of the addition of BFS and LF, the extension of the curing period, and exposure time to chlorides on the concrete resistance to natural diffusion chloride penetration.
The effect of binder type on chloride transport through concrete
As can be observed in Figure 5 .a, the values of the chloride diffusion coefficient D nat,nss obtained in the concrete with SCM's were mostly lower than those found in OPC concrete, which, in general, adopted values that were at least twice as low. The lower D nss of SL concrete, associated with higher resistance to chloride penetration, might be attributed to several factors. One is the more refined pore structure of the blended concrete during the exposure time, as a continuation of that observed at the end of curing (see Figure 2 and Table 3 ). Additionally, the gel of SL cement should have a lower C/S ratio and more Al (19) (20) (21) and should be at a higher magnitude (22) (23) (24) (25) , which might also cause the decrease in the penetration rate of these ions into the concretes containing this SCM. Furthermore, the slower entrance of chlorides into SL concrete is related to the composition of the BFS, which contributes to hydrated phases that are richer in Al 2 O 3 , which enhances its ability to bind chlorides (22) (23) (24) (25) compared to OPC used in this study, with low aluminate content and therefore, lower Cl binding capacity. Figure 6 shows the relationship between chloride transport and porosity through the representation of D nat,nss values obtained after the three exposure periods tested and the initial total porosity values. These results suggest an indirect relationship between total porosity and the chloride diffusion coefficient, but might also indicate the existence of a porosity threshold above which chloride transport through concrete increases exponentially. Although further study is needed on the concrete correlation of porosity and chloride transport, and the overlap with the chloride binding associated with binder type.
Regarding the surface chloride content C S (see Figure 5 .b), higher values were attained in SL concrete than in the case of OPC concrete, which is in accordance with the higher binding capacity of the SL concrete skin than that of OPC concrete, something that also controls the chloride transport into concrete and the determination of the D nat,nss values (Figure 5.a) .
The effect of the length of the curing period on chloride diffusion through blended cement concretes
As can be observed in Figure 5 for both OPC and SL concrete, similar values of D nat,nss were found at a certain exposure time to the chloride source , regardless of the time for which the specimens were cured (28 and 90 days) (note that not only average values but also deviation values have to be considered and that higher differences apparently shown by OPC concrete are a consequence of the scale of the Y-axis). These results prove that the extension of the curing period from 28 to 90 days is not a parameter which has a great influence and is not an effective measure to assess the transport of chlorides in blended concretes. The extension of the curing period cannot be justified for blended concretes as it is for the evolution of mechanical strength, as a consequence of the SCM hydration progression and the increase in the amount of hydrated phases such as C-S-H [44] . Besides the extension of curing does not modify the binding capacity of the concrete, meaning that hydration progresses during the Cl transport tests.
However, while D nat,nss was slightly modified by the extension of the curing period from 28 to 90 days, the compression strength varied considerably with the extension of the curing period, at least in the case of the SL concrete. This result could be due to the fact that the hydration state of the specimens from which the chloride diffusion coefficients were The influence of curing and aging on chloride transport through ternary blended cement concrete • 9 calculated was more similar than that of the specimens used to determine the compression strength.
As can be observed in the D nat,nss values (see Figure 5 .a), no remarkable differences were found in the C S values attained in both OPC and SL concrete as a consequence of the extension of the curing period (see Figure 5 .b). These results indicate that the penetration of chlorides into the two concretes analyzed is not influenced by the curing time extension from 28 to 90 days.
Effect of concrete aging due to chloride exposure on chloride penetration
After the development of the final microstructure of the concrete, an aging process starts, which also consists of a change of microstructure and properties and characteristics of the concrete. The aging phenomenon has consequences on chloride transport into concrete and Figure 5 shows these effects for the OPC and SL concrete analyzed in this research.
As can be observed in Figure 5 .b, similar values of C S were obtained after the three periods of exposure analyzed. A possible explanation for the unclear effect of exposure time on the chloride content accumulated on the concrete surface (skin) might be that C S values oscillate around the saturation content of chlorides, because although several years could be needed to reach the saturation content due to phenomena of cyclic binding/leaching (51) , values which are close to the saturation value are reached in a short time due to the exponential character of the saturation curve. Figure 5 .a also shows that the chloride diffusion coefficients tend to stabilize with exposure and decrease with time, although the effect is clearer in the case of SL concrete, with a diminution of the D nat,nss after the first 6 months of exposure, indicating that SL concrete is affected by the aging effect. These results agree with those found by other authors on the influence of aging on chloride transport (52) (53) (54) , with major reductions in the chloride diffusion coefficients due to the longer hydration processes of cements with SCM's and also the Cl binding evolution and penetration depths until a certain stabilization is reached. Furthermore, all these results prove the importance of the exposure time to chlorides in the determination of the chloride diffusion coefficient in blended cement concretes.
CONCLUSIONS
The following conclusions have been drawn from the results obtained in the materials employed in this research:
-The partial substitution of OPC by BFS and LF in the proportions specified in this research reduces the chloride diffusion in concrete by half.
-The extension of the curing time (from 28 to 90 days) does not significantly affect the transport of chlorides, even in concretes with SCM's, as used in this study with 30% BFS and 6% LF. -The chloride transport decreases with the exposure time to the chloride source, especially when SCM's with a high binding capacity are used. -The exposure time to the chloride source (3, 6 and 12 months) is a relevant parameter to achieve stable diffusion coefficients. Chloride transport test lengths of at least 6 months are required from this study.
